Background {#Sec1}
==========

Jute is a diploid (2n = 14) Malvaceae herb plant that includes 50--60 species \[[@CR1]\]. It is the most important and used natural fiber crop in the world after cotton in both the cultivation area and production \[[@CR2]\]. *Corchorus capsularis* and *Corchorus olitorius* are the only two cultivated species, with genome sizes of 338 Mb and 445 Mb, respectively \[[@CR3]\]. Jute can rapidly and easily grow in nutrient-poor soil while still producing a large amount of biomass. Jute fiber is soft, shiny, easy to dry, shows good hygroscopicity and antibacterial properties, and is degradable, recyclable, and environment friendly \[[@CR4]\]. In recent years, the application of jute has been expanding, and it is now often employed in the paper and textile industries and as a herbal medicine, leafy vegetable, and renewable biofuel source \[[@CR5]--[@CR8]\]. Thus, the global demand for jute is increasing \[[@CR9]\]. However, very few novel jute breeding approaches have been developed, and progress in breeding and genetic improvement has been slow over the past several decades compared with that for other bast fiber crops \[[@CR10]\].

Salt stress is a major environmental factor that limits crop productivity in agriculture and threatens food security \[[@CR11]\]. Approximately 20% of all irrigated lands are affected by salinity \[[@CR12]\], which is expected to become more serious and expansive in the face of global climate change and environmental pollution \[[@CR13]\]. Salt stress causes both primary and secondary effects in a plant. Primary effects include both osmotic and ion-toxicity effects on cells, whereas secondary effects are complex, including oxidative stress, damage to cellular components, and metabolic dysfunction \[[@CR11]\]. Therefore, understanding the genetic mechanisms underlying plant salt tolerance and mapping quantitative trait loci (QTLs) related to salt tolerance are crucial for improving the salt tolerance of economically important plants.

A high-density genetic linkage map is the basis of QTLs mapping. Several high-density genetic maps and QTLs mapping related to salt tolerance have been developed using next-generation sequencing in many crop species \[[@CR14]--[@CR16]\]. However, such studies are rare for jute. Nevertheless, several studies related to the construction of genetic maps and identification of QTLs have been reported in this plant. For example, Tao et al. \[[@CR10]\] constructed a genetic map with 913 polymorphic markers and detected 11 plant height-related QTLs using 100 F8 lines in jute (*C. capsularis* L.), representing the highest density genetic linkage map of jute reported to date. Kerdu et al. \[[@CR2]\] subsequently developed a genetic map including 503 restriction site-associated DNA markers spanning 358.5 cM, with an average marker interval of 0.72 cM that covered 87.0% of the *C. olitorius* L. genome. Nine QTLs were detected for traits correlated with histological fiber content. Biswas et al. \[[@CR17]\] developed the third density map for jute, including 48 simple sequence repeats (SSRs) and 410 single nucleotide polymorphisms (SNPs) in *C. olitorius* L. In addition, several low-density genetic linkage maps were constructed using molecular markers based on conventional polymerase chain reaction (PCR) technology such as simple sequence repeats (SSRs), amplified fragment length polymorphisms, and the like, revealing some QTLs associated with fiber yield and quality traits based on genetic linkages \[[@CR18]--[@CR23]\]. However, no QTL related to salt tolerance has been mapped in jute to date.

In this study, we developed the highest density genetic map reported thus far using an F2 population derived from a cross between a wild germplasm of *C. olitorius* L. (J009) and the Guangfengchangguo (GFG) variety. Using the genetic map, we identified major and minor QTLs involved in salt tolerance, and determined the phenotypic variance. These results should provide useful resources for marker-assisted selection and transgenic breeding for salt tolerance at the germination stage in jute.

Results {#Sec2}
=======

Genotyping by sequencing (GBS) {#Sec3}
------------------------------

To enhance the chance of detecting as many SNP markers as possible, the two parents were sequenced at high levels. In total, 16.68 Gb clean bases (average Q20 = 95.30%) were generated with each read of 150 bp for the two parents, GFG and J009, accounting for a total of 8,282,642,100 bp and 8,399,779,200 bp, respectively (see Additional file [1](#MOESM1){ref-type="media"}: Table S1)). For the 150 F~2~ individuals, a total of 113.47 Gb clean bases were obtained with an average Q20 value of 95.56%, ranging from 447.55 Mb to 1087.85 Mb and an average length of 756.57 Mb per individual (see Additional file [1](#MOESM1){ref-type="media"}: Table S1). The raw data were deposited into the NCBI under accession number PRJNA544984. After aligning the high-quality clean reads against the jute reference genome, an average of 93.12% clean data were mapped covering 97.24% of the reference genome (at least one base covered) with an average coverage depth of 20.97× in the two parents (see Additional file [3](#MOESM3){ref-type="media"}: Figure S1). On average, 94.92% of the clean data were aligned in the progenies, covering 21.36% of the jute reference genome with an average 9.71× cover depth (see Additional file [3](#MOESM3){ref-type="media"}: Figure S1). Only reads aligned to a unique position on the reference genome were used for SNP calling and genotyping.

SNP discovery and genotyping {#Sec4}
----------------------------

A total of 1,959,620 SNPs were detected in the two parents, which were classified into eight segregation types according to the CP model in JoinMap 4.0 (see Additional file [4](#MOESM4){ref-type="media"}: Figure S2). The segregation types hk × hk, nn × np, and aa × bb accounted for 51.93, 27.51, and 11.09% of the detected SNP markers, respectively. Only the marker type aa × bb could be used for the genetic map of the F2 population. According to the marker type (aa × bb) position in the genome, the corresponding genotypes were selected in the 150 progeny plants. In total, 8150 effective markers were used for the genetic mapping, which showed non-significantly distorted segregation, good integrity (\> 75%), and no abnormal bases.

High-resolution genetic map construction {#Sec5}
----------------------------------------

Ultimately, 4839 SNPs of effective markers could be successfully assigned to unique genetic positions (see Additional file [2](#MOESM2){ref-type="media"}: Table S2). Therefore, a high-density genetic map was developed comprising 4839 markers on seven linkage groups designated LG1--7 (Fig. [1](#Fig1){ref-type="fig"}). The total length of the genetic map was 1375.41 cM with an average distance of 0.28 cM between adjacent markers (Table [1](#Tab1){ref-type="table"}), 99.57% of which with less than 5-cM. Among the seven LGs, LG7 was the largest linkage group, including 1542 markers spanning 350.18 cM with an average distance of 0.23 cM between adjacent markers. The second largest linkage group was LG6 covered by 991 markers spanning 232.68 cM, also with an average distance of 0.23 cM. LG2 was the shortest group with 113.66 cM, including 299 markers, with an average distance of 0.38 cM between markers. LG5 had the least number of markers (278) and the maximum average distance between adjacent markers (0.50 cM). Fig. 1A high-density genetic map in jute comprised 4839 markers on seven linkage groups designated as LG1-LG7 Table 1statistics on basic characteristics of the seven LGsGroupMarker numberTotal distance (cM)Average distance (cM)Gaps \< 5 (%)LG1517153.210.3100.00LG2278137.780.598.56LG3635172.180.2799.37LG4577215.720.3798.79LG5299113.660.3898.66LG6991232.680.2399.80LG71542350.180.23100.00total48391375.410.2899.57Gap \< 5: indicating the percentages of gaps in which the distance between adjacent markers was smaller than 5 cM

Identification of salt tolerance-related QTLs {#Sec6}
---------------------------------------------

We recorded the salt tolerance index at seed germination (STIG) from the 150 F~2:3~ lines and two parents under two salt stress conditions for six days. The STIG data on the fourth day exhibited a normal distribution (Fig. [2](#Fig2){ref-type="fig"}), and were used as the phenotype data of QTLs. According to the 1000-permutations test, the LOD score threshold was determined to be about 3.5 in the two salt stress conditions. We identified three obvious QTLs with over 3.5 LOD values on LG4 under the two salt stress conditions, and a major QTL was detected under the two conditions simultaneously, designated qJST-1 (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}). The QTL qJST-1 was located at 11.4--23.7 cM between markers mk5633 and mk6723 on LG4 under the 140 mM salt stress condition and at 16.9--21.6 cM between markers mk6160 and mk6484 on LG4 under the 160 mM salt stress condition. The LOD peak of qJST-1 mapped at 19.31 cM on LG4 under both the 140 mM and 160 mM salt stress conditions, explaining 11.81 and 19.61% of the total phenotypic variation, respectively. The QTL qJST-2 was located between markers mk7047 and mk5638 (at the 9--11.4 cM position of LG4) under the 140 mM salt stress condition, and the LOD peak mapped at 10.01 cM on LG4, explaining 3.74% of the phenotypic variation. The QTL qJST-3 was detected under the 160 mM salt stress condition, located between markers mk6393 and mk6391 (10.4--16.9 cM) on LG4 partially overlapping with qJST-2. The LOD peak of qJST-3 mapped at 13.41 cM on LG4, explaining 8.84% of the phenotypic variation. All of the additive effects for the QTLs were negative, indicating that the increased salt tolerance values were conferred by J009 alleles. In addition, although the LOD values were below 3.5 at several positions, the obvious peaks (LOD \> 2.0) were discovered in these positions, which are considered to be the regions involved in slightly effective (i.e., minor) QTLs. A total of 13 minor QTLs were identified under the 140 mM (*n* = 5) and 160 mM (*n* = 8) salt stress condition (Table [2](#Tab2){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}), which mapped to LG2, LG4, LG5 and LG7, and explained 0.58--8.12% of the phenotypic variance. The interval length of QTL mapping varied from 1.3 to 20.2 cM. Fig. 2Frequency distribution of salt tolerance index at seed germination of the F~2:3~ population and their parents of jute under 140 mM (**a**) and 160 mM (**b**) on the fourth day underlying salt treatment Table 2QTLs related to salt tolerance of jute in the two salt stress conditionsQTLs namesalt stress (mM)LGslocation interval (cM)Peak Position (cM)Left MarkerRight MarkerLODAdditive_effectPVE(%)qJST-1140LG411.4--23.719.31mk5633mk67234.01− 0.2411.81160LG416.9--21.619.31mk6160mk64844.02−0.2219.61qJST-2140LG49--11.410.01mk7047mk56383.70−0.083.74qJST-3160LG410.4--16.913.41mk6393mk63913.78−0.118.84qJST-4140LG2111.3--113.5113.31mk4674mk49062.040.065.30qJST-5140LG2114.9--121.6119.31mk4671mk32892.260.074.52qJST-6140LG4193.9--207.5206.71mk3488mk77192.11−0.021.40qJST-7140LG4212.3--214.7214.31mk7722mk79842.37−0.011.91qJST-8140LG76.4--8.77.41mk5217mk23562.12−0.240.70qJST-9160lg0284.7--104.995.71mk4721mk47632.100.056.43qJST-10160lg0435.8--46.545.91mk6526mk67282.230.070.58qJST-11160lg0493.3--96.094.61mk3387mk35533.22−0.086.36qJST-12160lg0496--103.396.31mk3561mk79003.21−0.085.51qJST-13160lg04188.6--189.9189.31mk2761mk30202.890.077.58qJST-14160lg04191.3--192.9192.41mk3017mk33792.690.065.90qJST-15160lg0514.9--20.618.81mk2158mk10922.370.058.12qJST-16160lg0520.6--22.022.0mk6213mk14002.110.057.17PVE: explaining percentage of the phenotypic variatiation Fig. 3QTL mapping results of salt tolerance in jute under 140 mM (**a**) and 160 mM (**b**)

Discussion {#Sec7}
==========

Construction of the highest density genetic map of jute to date {#Sec8}
---------------------------------------------------------------

Although several genetic maps for jute have been constructed with QTLs identified for economically important traits, most of this work involved the use of traditional DNA markers such as amplified fragment length polymorphisms, random amplified polymorphic DNA, and inter-simple sequence repeats \[[@CR18]--[@CR23]\]\]. Generation of such markers is labor-intensive, expensive, and of low-throughput, and thus not suitable for the construction of a high-resolution genetic map and fine QTLs mapping \[[@CR10]\]. The development of next-generation sequencing has provided an automated, cost-effective, and high-throughput method for identifying SNP markers, which is also conducive to constructing high-density genetic maps and fine QTL mapping. However, only a few studies \[[@CR2], [@CR10], [@CR17]\] have incorporated the markers developed by high-throughput technology for constructing jute genetic and QTL maps. To our knowledge, the densest genetic map for jute constructed to date was developed using specific locus amplified fragment sequencing, including only 913 markers in 11 LGs covering 1621.4 cM with an average density of 1.61 cM per locus \[[@CR10]\]. In the present study, we developed the first high-density and the most complete genetic map of jute using a GBS approach. The genetic map comprised 4839 markers on seven LGs, consistent with the number of chromosomes in jute (*n* = 7), spanning 1375.41 cM with an average distance of 0.28 cM per locus, which is lower than that reported previously. This genetic map will thus greatly enhance QTL/gene mapping and marker-assisted breeding in jute.

Phenotyping of salt tolerance in jute {#Sec9}
-------------------------------------

Salt tolerance is a quantitative genetic characteristic controlled by multiple genes in many crops \[[@CR15]\]. Accurate phenotyping is an important part of QTLs mapping \[[@CR24], [@CR25]\]. Thus, we measured the relative seed germination percentage between salt-tolerant and control lines under two salt stress conditions over six days with three biological replicates. The germination rates of all F~2:3~ lines were very low over the first two days under salt stress conditions. In the last two days, the phenotype of salt tolerance polarized to a skewed distribution, then was mostly consistent with a normal distribution on the fourth day. Accordingly, we chose the phenotyping data of salt tolerance on the fourth day for QTL mapping.

QTL mapping of salt tolerance in jute {#Sec10}
-------------------------------------

Salt stress is a major environmental stressor that restricts plant development and limits the yield of crop plants \[[@CR26]\]. Crop salt tolerance can be enhanced by precise breeding, which requires the identification of salt tolerance-related genes or molecular markers. However, most previous studies of salt tolerance in jute have focused only on the morphological, physiological, and proteomic components \[[@CR26]\]. To our knowledge, only two studies \[[@CR9], [@CR27]\] related to the salt tolerance of jute have been carried out through transcriptome sequencing, revealing a large number of differentially expressed genes underlying salt tolerance. However, the large number of differentially expressed genes made it difficult to identify the best candidate genes related to salt tolerance for practical application.

Thus, we carried out QTLs mapping to locate candidate genes over a limited interval of the genome. We successfully located 16 QTLs related to salt tolerance. Interestingly, three obvious QTLs, including a major QTL, and six minor QTLs were discovered within LG4. These findings indicate that this LG might play a crucial role in the stress resistance of jute. All additive effects were negative for the three obvious QTLs, suggesting that the increased trait values are conferred by J009 alleles.

Overall, these results highlight the presence of excellent resistance genes in wild jute plants. The utilization of salt tolerant wild germplasm resources is conducive to accelerating the cultivation of resistant jute varieties. The major QTL, qJST-1, was detected under the two salt stress conditions, and the location interval (16.9--21.6 cM) in the 160 mM salt stress condition was also included in that detected in the 140 mM condition. Therefore, this position may harbor the salt tolerance genes in jute. Thus, we plan to focus on the genes in this region in a future work to further identify candidate genes for salt tolerance. Cloning these genes could have potential applications in both marker-assisted selection and transgenic breeding for salt tolerance in crops.

Conclusions {#Sec11}
===========

We developed the first high-density and the most complete genetic map of jute to date using a GBS approach. Further, the first QTL mapping related to salt tolerance also was carried out in jute. Three obvious and 13 minor QTLs involved in salt tolerance were identified on four LGs. The major QTL, qJST-1, was detected under two salt stress conditions that explained 11.81 and 19.61% of the phenotypic variation, respectively. These results should provide useful resources for marker-assisted selection and transgenic breeding for salt tolerance at the germination stage in jute. However, the QTLs could not be mapped to an interval on chromsomes, because the jute reference genome is only a scaffold version not anchored to chromosomes. Therefore, the genes contained in these QTL intervals could not be identified. In addition, the F~2:3~ were used for QTL mapping in the study. Which is more suitable for QLT preliminary mapping than for fine mapping. In the future, recombinant inbred lines and a high-quality reference genome of jute will be developed and constructed, which will be of great value for cloning these salt-tolerant genes and applying them to jute salt-tolerant breeding.

Methods {#Sec12}
=======

Mapping population and DNA extraction {#Sec13}
-------------------------------------

The two parent plants used in this study were the wild *C. olitorius* L. germplasm J009 and the *C. olitorius* L variety Guangfengchangguo (GFG). They originally came from Nepal and Guangfeng, Jiangxi Province, China, respectively. And J009 was more salt tolerant than GFG. Both were stored in the National Bast Fiber Germplasm Middle-term Storage of China (in Changsha, Hunan province, China). The F2 population consisting of 150 plants and their F2:3 progeny were used for the construction of a high-resolution genetic map and QTLs mapping under salt stress. Young leaf tissues from the 150 F2 individuals and two parents were collected for genomic DNA extraction. The total genomic DNA per individual was extracted using the DNeasy Plant Mini Kit (TIANGEN, Beijing, China), and used in genotyping-by sequencing (GBS) library preparation for SNP discovery. DNA degradation and contamination was monitored on 1% agarose gels. DNA purity was checked using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA), and the DNA concentration was measured using Qubit® DNA Assay Kit with the Qubit® 2.0 flurometer (Life Technologies, CA, USA).

Evaluation of salt tolerance at the germination stage {#Sec14}
-----------------------------------------------------

The salt tolerance experiment was carried out under two salt concentration conditions, 140 mM and 160 mM, both with a 12 h--12 h day/night photoperiod, corresponding to a temperature of 28 ± 0.5 °C/25 ± 0.5 °C and relative humidity of 75% in an illumination incubator. Surface sterile seeds of the mapping population (150 F~2:3~ lines) were sown onto clean and sterile petri dishes with two uniform sterile filter papers. Each line was sown on two petri dishes with 30 seeds per dish. One dish was used as the salt stress condition and the other served as the control. For salt stress induction, 3 ml of NaCl solution and 3 ml water was applied to the salt stress and control dishes, respectively, on the first day, and then 2 ml of NaCl solution and 2 ml water were added to each corresponding plate for six days. A randomized complete design with three biological replicates was adopted in each salt stress condition. The condition of seed germination was observed and recorded every day throughout the six-day experiment. The seeds were defined as germinated seeds when the buds were longer than 3 mm. The STIG was evaluated according to the following equation: $$\documentclass[12pt]{minimal}
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GBS library construction and sequencing {#Sec15}
---------------------------------------

The GBS library was constructed according to standard GBS protocol \[[@CR28], [@CR29]\]. DNA of each individual of the F2 population and parents was prepared by restriction digestion with MseI and HaeIII, followed by ligation with barcoded adapters for individual labeling. The restriction ligation samples with different barcode sequences were purified with Agencourt AMPure XP (Beckman). PCR was then performed using purified samples with Phusion Master Mix (NEB) universal primer and index primers for amplification of the complete i5 and i7 sequences. The PCR products were purified using Agencourt AMPure XP (Beckman) and pooled, and then run on a 2% agarose gel. Fragments of 375--400 bp (including indexes and adaptors) were isolated using a gel extraction kit (Qiagen). These fragment products were then purified using Agencourt AMPure XP (Beckman), and used for pair-end sequencing with the Illumina HiSeq™ 2500 platform.

SNP calling and genotyping {#Sec16}
--------------------------

The sequences of each sample were sorted according to individual barcodes, and the raw data were processed through a series of quality control procedures based on in-house C scripts according to the standards described by Nie et al. \[[@CR30]\] . Burrows-Wheeler Aligner \[[@CR31]\] was used to align the clean reads of each sample against the reference genome (settings: mem -t 4 -k 32 --M -R). Alignment files were converted to BAM files using SAMtools software \[[@CR32]\] (settings: --bS --t). If multiple read pairs showed identical external coordinates, only the read pairs with the highest mapping quality were retained. SNP calling was performed for all samples using GATK \[[@CR33]\] software and filtered with a perl script.

Genetic map construction {#Sec17}
------------------------

Polymorphic markers of the parents were classified into eight segregation patterns (ab × cd, ef × eg, hk × hk, lm × ll, nn × np, aa × bb, ab × cc, and cc × ab). Markers showing significantly distorted segregation (*P* \< 0.001), integrity (\< 75%), or containing abnormal bases were filtered using JoinMap 4.0 \[[@CR34]\]. The aa × bb segregation pattern was used for constructing the genetic map for the F2 population. JoinMap 4.0 software was used to sort the markers in every linkage group. The Kosambi mapping function was used for marker distance calculation. The logarithm of odds (LOD) value was set to 2.0--30. A Perl script SVG was used to draw the linkage maps and construct heat maps for evaluation.

QTL mapping for salt tolerance {#Sec18}
------------------------------

The genotyping data of the mapped SNPs on the seven linkage maps were integrated with the salt tolerance phenotype data per plant for QTL mapping. The QTL analysis was performed using QTL Cartographer v2.5 \[[@CR35]\] based on the composite interval mapping method (CIM). For each trait, the LOD score threshold was determined by a 1000-permutation test at all markers with a significance level of *P* \< 0.05 using MapQTL \[[@CR36]\]. The mapped interval of each QTL was determined based on its LOD peak location and the surrounding region over the score threshold.
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Additional file 1:**Table S1.** Sequencing results information statistics (XLSX 8 kb) Additional file 2:**Table S2.** Information of 4839 SNPs of effective markers successfully assigned to unique genetic positions (XLSX 3232 kb) Additional file 3:**Figure S1.** Sequencing information for each of the F2 individuals and their parents. Average coverage depth and percentage of coverage jute reference genome of each of the F2 individuals and their parents was displayed in a and b, respectively. (JPG 709 kb) Additional file 4:**Figure S2.** Number of markers for eight segregation patterns (JPG 191 kb)
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